Individual subunits of protein phosphatase 2A (PP2A), protein phosphatase 4, and protein phosphatase 5 were knocked out in Drosophila Schneider 2 cells by using RNA interference. Ablation of either the scaffold (A) or catalytic (C) subunits of PP2A caused the disappearance of all PP2A subunits. Treating cells with doublestranded RNA targeting all four of the Drosophila PP2A regulatory subunits caused the disappearance of both the A and C subunits. The loss of PP2A subunits was associated with decreased protein stability indicating that only the heterotrimeric forms of PP2A are stable in intact cells. Ablation of total PP2A by using doublestranded RNA against either the A or C subunit, or specific ablation of the R2͞B regulatory subunit, enhanced insulin-induced ERK activation. These results indicated that the R2͞B subunit targets PP2A to the mitogen-activated protein (MAP) kinase cascade in Schneider 2 cells, where it acts as a negative regulator. A severe loss of viability occurred in cells in which total PP2A or both isoforms of the Drosophila R5͞B56 subunit had been ablated. The reduced viability of these cells correlated with the induction of markers of apoptosis including membrane blebbing and stimulation of caspase-3-like activity. These observations indicated that PP2A has a powerful antiapoptotic activity that is specifically mediated by the R5͞B56 regulatory subunits. In contrast to PP2A, ablation of protein phosphatase 4 caused only a slight reduction in cell growth but had no effect on MAP kinase signaling or apoptosis. Depletion of protein phosphatase 5 had no effects on MAP kinase, cell growth, or apoptosis.
T
he protein serine͞threonine phosphatase 2A (PP2A) controls the phosphorylation of numerous proteins involved in cell signaling and is an important regulator of cell growth (1, 2) . PP2A is the prototype of a subset of PP2A-like phosphatases that includes PP4, PP5, and PP6. The PP2A holoenzyme is a heterotrimer that consists of a core dimer, composed of a scaffold (A) and a catalytic subunit (C) that associates with a variety of regulatory subunits. Three families (R2͞B, R3͞PR72, and R5͞ B56) of PP2A regulatory subunits have been characterized (1, 2) . The regulatory subunits have distinct properties and generate a diversity of PP2A holoenzymes. A current model for regulation of PP2A suggests that heterotrimers containing different regulatory subunits have distinct functions in vivo. Only limited support exists for this model. Genetic analysis has shown that the two regulatory subunits of Saccharomyces cerevisiae direct PP2A to distinct cellular functions (3) . PP2A holoeznymes containing different regulatory subunits also have distinct properties in vitro (4) . The functions of individual regulatory subunits in higher eukaryotes are poorly understood.
One characterized function of PP2A is the regulation of Ras-Raf-mitogen-activated protein (MAP) kinase signaling pathways. PP2A has both positive and negative effects on these pathways that depend on the cell type. PP2A can dephosphorylate and inactivate both MAP͞ERK kinase (MEK) and extracellular signal-regulated kinase (ERK) family kinases in vitro (5) (6) (7) . Treatment of cells with the PP2A-selective inhibitor, okadaic acid, causes activation of both MEK and ERK (8, 9) . Incorporation of simian virus 40 small-tumor antigen into PP2A complexes inhibits PP2A-mediated dephosphorylation of MEK and ERK in vitro and causes activation of both kinases in intact cells (10) . Activation of MEK and ERK by simian virus 40 small-tumor antigen correlates with loss of the R2͞B subunit. These data all suggest that PP2A is a negative regulator of MAP kinase signaling. PP2A can associate with Raf, and PP2A-selective concentrations of okadaic acid suppress Raf activation in a mammalian macrophage cell line (11) . Mutation of the R2͞B subunit in Caenorhabditis elegans causes a decrease in Ras-mediated vulval induction (12) . These later two observations suggest that PP2A can act as a positive regulator of Raf activation. Within the Ras-mediated photoreceptor development pathway in Drosophila, PP2A has a negative effect upstream of Raf, but a positive effect downstream of Raf (13) . A strong possibility is that multiple actions of PP2A on MAP kinase signaling are mediated by distinct holoenzymes.
Indirect evidence supports a role for PP2A in promoting cell survival through inhibition of apoptosis. Treatment with okadaic acid activates apoptosis in many cell types (14) (15) (16) (17) (18) (19) (20) . Although these observations suggest PP2A plays a role in preventing apoptosis, they are not conclusive because other phosphatases, including PP1, PP4, PP5, and PP6, are also inhibited by okadaic acid. PP2A associates with several proteins involved in apoptosis including Bcl-2 (21, 22), caspase-3 (23) , and the adenovirus E4orf4 protein (24) (25) (26) (27) . Apoptosis induced by the adenovirus E4orf4 protein is associated with PP2A isoforms containing the R2͞B-and R5͞B56 regulatory subunits. It is not known whether PP2A is directly involved in other forms of apoptosis or if the antiapoptotic activity is mediated by a particular regulatory subunit. Double-stranded RNA (dsRNA)-mediated RNA interference (RNAi) has proven to be a useful method for ''knocking out'' proteins expressed in C. elegans and Drosophila melanogaster (28) (29) (30) (31) (32) . In contrast to mammals and yeast, Drosophila have a single gene encoding each of the PP2A A (33), C (34), and R2͞B subunits (35) , two genes encoding distinct isoforms of the R5͞B56 subunit homolog (36) , and a single gene for a R3͞PR72 homolog. The limited number of phosphatase isoforms makes Drosophila an attractive organism for PP2A gene knockout studies. Drosophila also has a single gene encoding PP4 (37) and PP5 (38) . We used RNAi to ablate PP2A, PP4, and PP5 from Drosophila Schneider 2 (S2) cells to examine the roles of these proteins in cellular signaling. We also used RNAi to ablate individual PP2A regulatory subunits to test whether they have unique functions. Ablation of individual PP2A subunits revealed a mechanism controlling the assembly of PP2A oligomers by means of protein stability. The data show that PP2A plays a negative role in regulation of a MAP kinase pathway in S2 cells. Loss of PP2A also caused apoptosis, demonstrating that this phosphatase is crucial for cell survival. Consistent with the model in which regulatory subunits target PP2A to distinct functions, we show that regulation of MAP kinase signaling and the antiapoptotic actions of PP2A are mediated by distinct regulatory subunits.
Materials and Methods
Production of Double-Stranded RNA. Drosophila cDNA clones corresponding to PP2A subunits, PP4 and PP5, were purchased from Research Genetics (Birmingham, AL). The cDNA clones were used as templates in PCR reactions where both the sense and antisense primers contain a T7 polymerase binding site at the 5Ј end. A 700-bp region of the Drosophila PP2A R3͞PR72 regulatory subunit was amplified by PCR from a 48-h embryo cDNA library (kindly provided by Denis McKearin, University Texas Southwestern Medical Center). PCR products (Ϸ500-700 bp) were cleaned in Microcon spin concentrators (Millipore) and resuspended at a final concentration of 200 ng/l in sterile water. One microgram of each PCR product was used to synthesize dsRNA with a large-scale T7 transcription kit from Novagen. To anneal the single-stranded RNA, samples were incubated for 30 min at 65°C and cooled to room temperature. The pEGFP-C3 vector (CLONTECH) was used as a template to produce a control dsRNA corresponding to enhanced green fluorescent protein (EGFP).
Cell Culture and dsRNA Treatment. Serum-free medium adapted Schneider S2 cells (D.Mel-2) and Drosophila serum-free medium were purchased from Life Technologies (Rockville, MD). S2 cells were maintained in Drosophila serum-free medium supplemented with 16.5 mM L-glutamine and 46 g/ml gentamicin at 28°C in T-75 flasks. For dsRNA treatments, 1 ml of S2 cell suspension (1 ϫ 10 6 cells/ml) in Drosophila expression system expression medium (Invitrogen) was mixed with a final concentration of 15 g/ml of the specified dsRNA and plated in 35-mm culture dishes. For cells that were treated with more than one dsRNA, the final concentration of each dsRNA was 15 g/ml. Cells were incubated for 3 h at 28°C before adding 2 ml of Drosophila serum-free medium. The dsRNA treatment was performed for 3 days or as indicated in the figure legends.
Cell Extraction and Western Blotting. The medium was aspirated, and cells were lysed for 10 min at 4°C in RIPA buffer (20 mM Tris, pH 8.0͞150 mM NaCl͞1% Nonidet P-40͞0.5% deoxycholate͞0.1% SDS͞0.2 mM sodium vanadate͞10 mM sodium fluoride͞0.4 mM EDTA͞10% glycerol). Lysates were clarified by centrifugation at 15,000 rpm for 10 min in a microcentrifuge, and samples were normalized according to protein concentrations determined by the bicinchoninic acid protein assay (Pierce). Total protein (30-60 g) was resolved by SDS͞PAGE, and individual proteins were detected by Western blotting. The immunoblots were probed with 0.1% F725 antiserum against the PP2A A subunit (4); 0.1% C-20 antiserum against the PP2A C subunit (Affinity Bioreagents, Neshanic Station, NJ); 0.1% M878 antiserum against the PP2A B56-1 subunit (4); 0.1% PP5 antiserum (kindly provided by Michael Chinkers, University of South Alabama, Mobile, AL) (39); 0.05% affinity-purified anti-PP4 c-int polyclonal antibody (kindly provided by Brian Wadzinski, Vanderbilt University, Nashville, TN) (40); 0.02% MAPK-YT monoclonal antibody against activated ERK-1&2 (Sigma); or 0.01% polyclonal anti-ERK 1&2 (Sigma). A peptide corresponding to amino acids 409-423 of the Drosophila R2͞B subunit was sent to Capralogics (Hardwick, MA) for production of the R2͞B (409-423) rabbit polyclonal antibody, which was used at 0.1% to probe immunoblots. Bound antibodies were detected with the appropriate horseradish peroxidaseconjugated secondary antibody and visualized by enhanced chemiluminescence.
Reverse Transcription (RT)-PCR. The SUPERSCRIPT One-Step RT-PCR with PLATINUM Taq kit was purchased from Invitrogen. S2 cells in 35-mm dishes were treated with dsRNA for 72 h, and RT-PCR was performed as described by the manufacturer. Primers used for RT-PCR were identical to those used to make the PCR products used for dsRNA synthesis. Five microliters (1/10) of the reaction was resolved on a 1% agarose gel.
Caspase Assays. The ApoAlert Caspase-3 and Caspase-8 assay kits were purchased from CLONTECH. S2 cells in 35-mm dishes were treated with dsRNA for 72 h, harvested, and assayed for caspase activity as described by the manufacturer. Caspase-3-like and caspase-8-like activity were determined by reading the absorbance at 405 nm in a 96-well plate reader and adjusted for the protein concentration of each sample. The results were normalized to the EGFP control sample. Values shown represent the mean Ϯ SE from four experiments.
Microscopy. Cells were photographed by using phase-contrast optics at ϫ32 magnification with a Zeiss Axiovert 35 microscope and ONCOR image software. Images were imported into ADOBE PHOTOSHOP, and cell number and the number of apoptotic (blebbing) cells were counted manually.
Results and Discussion
Selective Ablation of PP2A, PP4, and PP5 with RNAi. Although studies with okadaic acid and other inhibitors have implicated PP2A in multiple signaling pathways, it has been difficult to assign specific functions to this phosphatase. Okadaic acid also inhibits PP1 at higher concentrations, and PP4, PP5, and PP6 are inhibited by the same concentrations that block PP2A activity (41) . To dissect the roles of individual phosphatases in cellular signaling, we used RNAi to delete selectively PP2A, PP4, and PP5 (42) (43) (44) . Drosophila S2 cells were treated with dsRNA targeted to individual PP2A subunits, PP4, or PP5, and the effects on protein levels were determined by Western blotting (Fig. 1A) . Treating cells with A-or C-subunit dsRNA for 72 h reduced the corresponding subunits to barely detectable levels. Treatment with either A-or C-subunit dsRNA alone caused a loss of all of the PP2A subunits. Treatment with PP4 or PP5 dsRNA reduced the level of the corresponding protein but had no effect on the levels of the other phosphatase, or on PP2A. When cells were treated with individual dsRNA targeting the R2͞B, R3͞PR72, R5͞B56-1, or R5͞B56-2 subunits, each of the targeted proteins was ablated, but little effect was seen on the other regulatory subunits. In general, ablation of individual regulatory subunits had little effect on the levels of the A and C subunits. The exception was the R5͞B56-1 and -2 double knockout where a significant decrease in the A and C subunits was observed. Ablation of all four regulatory subunits resulted in loss of the A and C subunits. Treatment of S2 cells with a control dsRNA targeted to EGFP had no effect on the levels of any PP2A subunits, PP4, or PP5.
Because antibodies against the Drosophila R5͞B56-2 and R3͞PR72 subunits were not available, the effectiveness of dsRNAs targeting these subunits was assessed by RT-PCR. Fig.  1B shows that treating S2 cells with R5͞B56-2 and R3͞PR72 dsRNA caused a significant reduction in the mRNA for these subunits. Treatment of cells with C-subunit dsRNA caused a complete loss of detectable C-subunit mRNA but had no effect on other PP2A subunit mRNAs. The loss of C-subunit mRNA in dsRNA-treated cells was consistent with the significant reduction in C-subunit protein levels (Fig. 1 A) . Treating cells with EGFP dsRNA had no effect on the level of PP2A subunit mRNAs.
The data in Fig. 1 A showed that knocking out either the A or C subunits of PP2A caused the loss of all of the other PP2A subunits. To determine whether the loss of subunits in dsRNAtreated cells was caused by decreased stability, cells were treated with cycloheximide to block new protein synthesis, and the decay in the levels of PP2A subunits was monitored by Western blotting. The loss of proteins in dsRNA-treated S2 cells is usually maximal after 3 days (28; our observations). To examine protein stability, cells were treated with dsRNA for 48 h before addition of cycloheximide to ensure that protein levels had not dropped below the limit of detection. In control cells treated with EGFP dsRNA, the levels of A-and C-subunit protein were stable for up to 8 h after addition of cycloheximide (Fig. 2, EGFP) . When cells were treated with A-subunit dsRNA a time-dependent decrease occurred in the levels of C-subunit and R5͞B56-1 protein after cycloheximide addition. A time-dependent decrease in A subunit and R5͞B56-1 protein also occurred when cells were treated with C-subunit dsRNA. The R2͞B-subunit protein level decreased only modestly in cells treated with A-or C-subunit dsRNA for 48 h, and the loss of the R2͞B subunit in the presence of cycloheximide was much slower than the other subunits, which suggested that the R2͞B subunit was more stable than the A, C, or R5͞B56-1 subunits. In cells treated with C-subunit dsRNA, a marked decrease occurred in the stability of the C-subunit protein. The reason for the rapid loss of C-subunit protein under these conditions is not clear. The levels of C-subunit present before cycloheximide addition are considerably lower in cells treated with C-subunit dsRNA. The level of C subunit may be close to the limit of detection by the antibody, and any further decrease would be magnified.
The data in Figs. 1 and 2 show that RNAi is an effective method for knocking out protein phosphatases in Drosophila S2 cells. The data provide new insights into mechanisms controlling the distribution of PP2A holoenzymes. In addition to potential autoregulation of the C subunit at the level of translation (45), our results suggest that PP2A is autoregulated at the posttranslational level to control the amounts of free subunits. The results in Figs. 1 A and 2 are most consistent with a model in which individual PP2A subunits have low intrinsic stability. Assembly of the subunits into heterotrimeric complexes increases the stability of the individual proteins. Rapid degradation of free subunits may be a mechanism to protect the cell from deleterious effects of unregulated forms of PP2A. Attempts to overexpress the PP2A catalytic subunit in mammalian cells have been largely unsuccessful. Although this failure may be partly due to translational repression (45) , our data argue that a major factor in limiting expression is rapid degradation of the free subunit. Depleting all four of the PP2A regulatory subunits led to loss of both the A and C subunit (Fig. 1 A) , which suggests that the AC dimer is unstable when not associated with one of the regulatory subunits. The presence of a pool of free AC dimers has been suggested by analysis of cell extracts (46, 47) . In contrast, our data imply that little free dimer is present in vivo. Although a transient population of free AC dimer may exist, it seems unlikely that this form could accumulate to significant levels. The substantial amounts of AC dimer present in vitro may be generated during cell lysis by dissociation of PP2A holoenzymes.
PP2A Is a Negative Regulator of MAP Kinase Signaling in S2 Cells.
RNAi was used to examine the role of PP2A regulatory subunits in regulating MAP kinase activation in Drosophila S2 cells. Stimulation of the Drosophila insulin receptor activates MAP kinase in S2 cells in a Ras-and Raf-dependent manner (28, 48) . Addition of insulin to untreated S2 cells resulted in a transient activation of MAP kinase activity that peaked at 5 min and returned to control values by 15 min (Fig. 3) . Depletion of PP2A by using A-or C-subunit dsRNA caused enhanced activation of MAP kinase, especially at the 5-to 15-min time points (Fig. 3A) . In contrast, depletion of PP4 or PP5 had little effect on insulin-stimulated MAP kinase activation (Fig. 3E) . To test whether the actions of PP2A on MAP kinase signaling in S2 cells depended on a specific regulatory subunit, individual subunits were knocked out with RNAi. Loss of the R2͞B subunit resulted in enhanced MAP kinase activation similar to that observed with the A-or C-subunit knockouts (Fig. 3B) . In contrast, ablation of any of the other regulatory subunits had little effect on insulinstimulated MAP kinase activation (Fig. 3 B-D) . Enhanced ERK activation in cells depleted of PP2A demonstrates that PP2A is a negative regulator of the MAP kinase pathway in Drosophila S2 cells. A role for PP2A in Drosophila Ras-mediated signaling pathways is consistent with previous studies on photoreceptor development (11) . A predominant role of the Drosophila R2͞B subunit in Ras-dependent signaling is supported by a study showing that decreased R2͞B-subunit levels caused defects in photoreceptor development (49) . PP2A can play both positive and negative roles in Ras-mediated signaling (11) . Multiple actions of PP2A within the same pathway may be due to different PP2A holoenzymes acting at different steps. Although we cannot rule out a positive role for PP2A, our data indicate that the predominant action of PP2A in insulinmediated MAP kinase activation in S2 cells is as a negative regulator. PP2A is also a negative regulator of MAP kinase signaling initiated by the epidermal growth factor receptor in mammalian CV-1 cells (8) . Like S2 cells, the effects of PP2A in CV-1 cells seem to be mediated by the R2͞B subunit.
Several potential targets for PP2A in insulin-stimulated pathways lead to ERK activation. Prolonged activation of ERK in PP2A-or R2͞B-deficient cells could be caused by enhanced Fig. 3 . PP2A negatively regulates insulin-dependent ERK activation. Drosophila S2 cells were incubated in the presence of dsRNA targeted to EGFP or to the specific phosphatase subunits indicated across the tops of A-E. After 72 h, cells were treated with 10 g/ml insulin for the minutes indicated at the bottoms of A-E and lysed in RIPA buffer containing 0.2 mM Na 2VO4 and 10 mM NaF 2. Lysates were clarified by centrifugation, and equal amounts of protein (50 g) were resolved by SDS͞PAGE. Proteins were transferred to nitrocellulose membranes and Western blotted with antibodies against the PP2A-A, -C, -R2͞B, -R5͞B56 -1, PP4, or PP5 as indicated at the right of each row. MAP kinase activation was detected by blotting with antibodies specific for the phosphorylated forms of ERK-1 and -2 (P-ERK). The amount of MAP kinase in each sample was determined by blotting with an antibody that recognizes both the phosphorylated and nonphosphorylated forms of ERK-1 and ERK-2. Results shown are representative of three to five experiments for each dsRNA treatment. Depleting the PP2A-A, -C subunit, or both R2͞B56 regulatory subunits induces membrane blebbing in Drosophila S2 cells. dsRNA-treated cells from magnification fields ϫ32 were scored for total cells and apoptotic (membrane blebbing) cells, and % apoptotic values represent the mean Ϯ SE from three experiments treated with two different batches of dsRNA where at least three fields from each treatment were scored. (D) Depleting the PP2A-A, -C subunit, or both R2͞B56 regulatory subunits stimulates caspase-3-like activity. Drosophila S2 cells were incubated in the absence or presence of 500 M cycloheximide (CX) for 3 h, or dsRNA targeted to EGFP or to the specific phosphatase subunits indicated at the bottom for 3 days. Caspase assays were performed as described under Materials and Methods. Values represent the mean caspase-3 activity Ϯ SE from four experiments. Caspase activity was normalized for protein concentration and expressed as a percent of EGFP dsRNA-treated cells.
stimulation of upstream signals or a decreased rate of ERK dephosphorylation. PP2A dephosphorylates and inactivates ERK in vitro (50) and is responsible for the rapid phase of ERK inactivation (7) . Insulin-dependent activation of ERK in S2 cells depends on the Drosophila MEK homolog DSOR1 (27) , and PP2A also dephosphorylates and inactivates MEK in vitro (51) . The effects of depleting PP2A are consistent with a role in the direct dephosphorylation of either MEK or ERK. The R2͞B subunit acts as a positive regulator of Ras-mediated signal transduction in C. elegans. Genetic analysis suggests that R2͞B acts downstream of Ras but upstream of Raf in the vulval induction pathway (12) . PP2A can associate with Raf, and PP2A-selective concentrations of okadaic acid suppress Raf activation in a mammalian macrophage cell line (9) . In contrast, PP2A acts as a negative regulator of Raf in Drosophila photoreceptor development (11) . If Drosophila Raf is a target of PP2A, our data would indicate that it negatively regulates Raf activity. Finally, the effects of PP2A on ERK activation could be mediated by an alternative pathway. Simian virus 40 small-tumor antigen activates MEK in mammalian cells by pathways that use phosphatidylinositol-3-kinase and atypical isoforms of protein kinase C (52) . A similar pathway may exist in S2 cells because insulin also stimulates phosphatidylinositol-3-kinase in S2 cells (27) .
Loss of the R5͞B56 Subunits of PP2A Induces Apoptosis. We noted a striking decrease in S2 cell viability in some RNAi-treated cells. Treating cells for 3 days with A-, C-, or both R5͞B56-subunit dsRNAs caused a 65-70% decrease in the number of cells (Fig.  4 A and B) . RNAi depletion of PP5 had no effect on cell number, whereas depletion of PP4 reduced cell growth by 20%. One explanation for the dramatic decrease in the viability of dsRNAtreated cells was the induction of apoptosis. A common method to identify apoptotic S2 cells is the characteristic membrane blebbing that occurs in the later stages of apoptosis (53) . In asynchronous cells undergoing active apoptosis, the characteristic features of membrane blebbing, DNA fragmentation, and chromosome condensation occur in about 15% of the population at any given time (54) . Treating S2 cells with A-or C-subunit dsRNA caused membrane blebbing in 15-20% of the remaining cells (Fig. 4 A and C) . No significant increases in blebbing cells were observed in S2 cells treated with the EGFP control dsRNA, or dsRNA corresponding to PP4 or PP5. The increase in the number of blebbing cells in PP2A-depleted cells was highly significant when compared with untreated or EGFP dsRNAtreated cells.
To provide further evidence that depletion of PP2A caused apoptosis, caspase activity was measured. S2 cells were treated with dsRNA targeting individual phosphatases and harvested 3 days later. Cell lysates were used to assay caspase activity by using a colorimetric assay that measures cleavage of pnitroanaline from a peptide substrate specific for caspase-3. Control cells were also treated for 4 h with cycloheximide, a well characterized inducer of apoptosis. Depletion of PP2A with Aor C-subunit dsRNA caused a 2-to 3-fold increase in caspase-3-like activity (Fig. 4D) . The level of caspase-3-like activity in PP2A-depleted cells was equivalent to that seen with cycloheximide treatment. In contrast, depletion of PP4 or PP5 did not cause a significant increase in caspase-3-like activity. When cell lysates were assayed with a caspase-8-specific substrate, any of the dsRNAs or cycloheximide had little effect on activity (data not shown).
Individual PP2A regulatory subunits were knocked out with RNAi to determine which of the Drosophila subunits were involved in the apoptotic response. Treating S2 cells for 3 days with dsRNA targeting the R2͞B␣, R5͞B56-1, R5͞B56-2, or R3͞PR72 subunits had no effect on viability, membrane blebbing, or caspase activity (Fig. 4 B-D) . When both the R5͞B56-1 and -2 subunits were knocked out with RNAi, cell number was decreased and the percentage of blebbed cells increased to the same levels seen in the A-and C-subunit knockouts (Fig. 4 B and  C) . Caspase-3-like activity was increased to levels comparable with PP2A-depleted or cyclocheximide-treated cells in R5͞B56 double-knockout cells (Fig. 4D) . These results show that the R5͞B56 subunits, and not other PP2A regulatory subunits, have a specific function in preventing apoptosis. The results also show that the antiapoptotic function of R5͞B56-1 and R5͞B56-2 are redundant, because the presence of either subunit alone is sufficient to prevent apoptosis.
The activity of serine͞threonine phosphatase inhibitors as potent inducers of apoptosis has been documented in a variety of cell types (20, 55, 56) . Because the serine͞threonine phosphatase inhibitors that cause apoptosis act on both PP1-and PP2A-like enzymes, it has been difficult to determine which phosphatase is involved. Although other phosphatases may play a role, our data show that depletion of a single family of PP2A regulatory subunits in S2 cells is sufficient to induce apoptosis. This result implies that PP2A activity is critical for cell survival and suggests that the apoptotic actions of serine͞threonine phosphatase inhibitors are due to inhibition of PP2A. The rapid induction of apoptosis in mammalian cells by serine͞threonine phosphatase inhibitors is associated with increased protein phosphorylation and depends on activation of caspase-3 (55) . Apoptosis induced by dsRNA knockout of PP2A correlated with activation of protease activity toward a caspase-3 substrate peptide. Drosophila contains three caspases (DRICE, DCP-1, and DECAY) that are highly homologous to mammalian caspase-3 (57) . Each of these fly caspases cleaves caspase-3 substrates. Although our assays cannot distinguish between these enzymes, the essential role of DRICE in S2 cell apoptosis (58) suggests that loss of PP2A, or of its R5͞B56 subunits, leads to activation of DRICE. These results establish a critical role for PP2A in cell survival. Additional studies are needed to determine the signaling pathways and components of the apoptotic machinery that are targeted by R5͞B56-containing forms of PP2A.
